Introduction of semen into the female reproductive tract may induce molecular and cellular changes facilitating conception and pregnancy. Because prostaglandins (PGs) and appropriate vascularization of the endometrium are crucial for pregnancy success, the effect of seminal plasma (SP) on PG synthesis and angiogenesis was investigated. Gilts at estrus received an infusion of 100 ml of either SP or PBS (control). Uterine horns were collected on Days 1, 3, 5, and 10 after each treatment. Concentrations of PGE 2 , PGF 2alpha , and PGFM were measured in the uterine lumen and endometrial tissue. Expression of PG synthesis pathway enzymes and angiogenic factors, infiltration of immune cells, and vascular bed development were assessed. One day after SP infusion, the PGE 2 :PGF 2alpha ratio in the uterine lumen was lower than in controls. In endometrial tissue, however, PGE 2 levels and the PGE 2 :PGF 2alpha ratio were elevated on Day 10. PG-endoperoxide synthase expression in the endometrium was up-regulated on Day 1 and decreased on Day 5 after SP treatment compared to that in controls. PGF 2alpha synthase levels were decreased on Day 5 and 10 in SP-treated animals when compared to controls. SP-induced vascular bed development was apparent shortly before the time corresponding to maternal recognition of pregnancy in the pig. Together, these data indicate that the porcine uterus can be sensitized shortly after SP exposure to evoke prolonged effects on PG synthesis and angiogenesis in the endometrium, persisting over the course of the prereceptive phase. Thus, SP can affect uterine receptivity and embryo-maternal interactions in pigs through locally direct and/or indirect mechanisms.
INTRODUCTION
The application of artificial insemination (AI) and other reproductive technologies, such as in vitro fertilization and intracytoplasmic sperm injection followed by embryo transfer, shows that exposure of the female reproductive tract to seminal plasma (SP) is not mandatory for initiation of pregnancy. However, the success and quality of pregnancy were reported to be compromised if females were not exposed to SP. AI, particularly in livestock species, was shown to result in fertility and fecundity rates that were lower than those observed in natural service [1] [2] [3] [4] . In addition, studies in rodents [5] and in livestock species such as pigs [6] [7] [8] and in humans [9, 10] demonstrate that introduction of SP into the female reproductive tract orchestrates striking molecular and cellular changes that can facilitate conception and affect pregnancy outcome. Thus, it is thought that the role of seminal fluid extends beyond that of a simple transport and survival medium for mammalian spermatozoa, to include targeting diverse female tissues and affecting a plethora of physiological processes.
Normal implantation in mammalian species is initiated only when embryonic development is synchronized with appropriate preparation of the uterus. Gaining ''implantation competency'' by the blastocyst must be indispensably coordinated with acquisition of the receptive phase (implantation window) by the uterus, principally governed by coordinated actions of estrogen and progesterone [11] . Rodent studies have shown that when blastocysts implant in an asynchronous environment, several adverse ripple effects can be observed, such as embryo crowding and retarded development of placentae and/or fetuses [12, 13] . Unfortunately, it is complex and challenging to define the hierarchical landscape of the molecular signaling pathways that govern embryo-uterine synchronization and interactions during early pregnancy. Experiments in mice, however, directly showed that lipid molecules known as prostaglandins (PGs) generated by the inducible isoform of PG-endoperoxide synthase (PTGS2), also known as cyclooxygenase-2 (COX-2), are essential for implantation and successful pregnancy [13, 14] . Investigators agree that PGs are critical for establishment of pregnancy in the pig, because inhibition of PG synthesis results in pregnancy failure [15] . Interestingly, PGE 2 and PGF 2a have pleiotropic effects during pregnancy in the pig and have the potential to influence embryo development [16] , ovarian function [17] , and maternal recognition of pregnancy [18] . Additionally, PGs participate in the local increase of endometrial vascular permeability, as well as angiogenesis during implantation [19] . PGE 2 up-regulates vascular endothelial growth factor (VEGF) in a number of tissues including the uterus [20] . Our previous in vitro studies indicated PGE 2 -stimulated VEGF synthesis in porcine endometrial cells [21] .
Seminal fluid is rich in biologically active molecules (e.g., estrogen, testosterone, PGs, cytokines, and growth factors) that can bind to specific receptors expressed on target cells in the female reproductive tract and change the molecular, biochemical, cellular, and environmental features of the uterus. These changes affect embryo-maternal synchronization and communication and, finally, pregnancy success [22] . Interestingly, in pigs, a large number of spermatozoa in a high volume of SP are deposited into the cervix during natural service, whereas AI is accomplished by much lower number of spermatozoa suspended in semen extender in the presence of a very low volume of SP [23] . Such a disparity in animal breeding procedures can result in different physiological responses between AI sows and mated sows. Indeed, AI resulted in a dramatic increase of a PGF 2a metabolite (PGFM) in plasma, whereas cortisol levels, although they peaked earlier in AI sows, never reached those observed in mated sows [24] . Altered PG synthesis and metabolism have been recently found in porcine oviducts after in vivo and in vitro SP treatments [25] , as well as in porcine cervical and endometrial cells in vitro [26] . Interestingly, O'Leary et al. [7] observed elevated mRNA expression of several genes, including PTGS2, in porcine endometrium after infusion of SP, concomitant with increased numbers and viability of embryos.
The above-shown evidence of possible SP effects on endometrial preparation for successful embryo implantation led us to hypothesize that the endometrium becomes partially sensitized shortly after mating because of the actions of SP, leading to long-lived effects on PG synthesis as a consequence of changed expression of synthesis pathway elements. To test this hypothesis, we exposed female reproductive tracts in situ to SP and measured the secretion of PGE 2 and PGF 2a (and its metabolite, PGFM) by the porcine uterus. Additionally, we investigated expression by porcine endometrium of the PG synthesis enzymes PTGS2; microsomal PGE 2 synthase (mPTGES1); PGF 2a synthase (PTGFS); carbonyl reductase/ PG 9-ketoreductase (CBR1), which converts PGE 2 to PGF 2a ; and PGI 2 synthase (PTGIS). Given the fact that substantial links exist among immune cells, PG synthesis, tissue remodeling, and angiogenesis, it seemed likely that SP can additionally affect development of the endometrial vascular network. Therefore, we decided to investigate expression of von Willebrand factor (VWF; an endothelial cell marker) and VEGF, as well as vascular changes, in endometrial tissue after exposure to SP.
MATERIALS AND METHODS

Materials
Chemicals were obtained from Sigma-Aldrich, unless otherwise indicated. The PGFM antiserum (code WS4468-7) was kindly donated by Dr. William Silvia (University of Kentucky). Semen was provided by Animal Breeding and Insemination Center Ltd.
SP was collected from 10 boars of known fertility after at least 5 days of abstinence following a previous collection. The full ejaculates (without gel fraction) were pooled, and SP was collected after double centrifugation at 4000 3 g for 10 min at room temperature. Obtained SP was stored in 100-ml artificial insemination bottles at À208C until used.
Animals and Tissue Collection
All experiments were conducted in accordance with the International Guiding Principles for Biomedical Research Involving Animals and were approved by the Local Research Ethics Committee (approval no. 40/N/ 28.07.2005).
Fifty-six prepubertal crossbred gilts of similar age (approximately 5 months old) and genetic background from one commercial herd, weighing 104.5 6 6.5 kg were treated hormonally with an i.m. injection of 750 IU of equine chorionic gonadotropin (Folligon; Intervet) and 500 IU of human chorionic gonadotropin (hCG; Choluron; Intervet) given 72 h later. Gilts received a 100-ml intrauterine infusion by catheter (Goldengilt; IMV Technologies) of either SP or PBS (control). Treatments were delivered 24 h after hCG injection. Blood samples were taken just before slaughtering, and serum levels of progesterone, estradiol, and PGFM were determined as described in our recent paper [25] .
After slaughter, the following parameters were recorded: uterine and ovarian weights, and number of corpora hemorrhagica (CH) and/or corpora lutea (CL). Uterine horns were flushed with 20 ml of PBS, recovered volumes were recorded, and uterine luminal flushings (ULFs) were snap-frozen in liquid nitrogen. Immediately after ULF collection, uterine horns were opened longitudinally on the antimesometrial surface, and endometrium dissected from myometrium was collected from the middle portion of the uterine horn. Endometrial samples were snap-frozen in liquid nitrogen, transported to the laboratory, and stored at À808C until further use. In addition, several blocks of uterine tissue for immunohistochemistry were fixed in Bouin solution for 24 h at 48C, washed with distilled water, dehydrated in a graded series of ethanol (50%-100% [v/v]), and embedded in paraffin. For each treatment type, five to eight gilts were slaughtered 1, 3, 5, and 10 days after SP or PBS infusion.
Preparation of Tissue Homogenates for Western Blotting and EIA
Equal amounts of frozen endometrial tissue were homogenized using a previously described procedure [27] . Tissue homogenates for enzyme immunoassay (EIA) were centrifuged at 10 000 3 g for 10 min at 48C. Nonfractionated homogenates, as well as cytosol and membrane fractions, were stored at À808C for further analysis. Protein content was determined by the Bradford method [28] .
EIA of PGE 2 , PGF 2a , and PGFM Concentrations of PGs in the ULFs and endometrial tissues were determined by direct EIA for PGF 2a [29] , PGE 2 [30] , and PGFM [31] . ULFs were doubly extracted with diethyl ether, and PG concentrations were standardized per total volume recovered from uterine horns after flushing. Concentrations of PGs in endometrial tissue (nonfractionated homogenates) were standardized per total protein content (mg). The PGE 2 standard curve ranged from 0.19 to 100 ng/ml. Assay sensitivity was 0.19 ng/ml. Intra-and interassay coefficients of variation were 9.4% and 13.2%, respectively. The standard curve for PGF 2a ranged from 0.23 to 60 ng/ml. Assay sensitivity was 0.23 ng/ml. Intra-and interassay coefficients of variation were 5.2% and 10.0%, respectively. The PGFM standard curve ranged from 25 to 8000 ng/ml. Intra-and interassay coefficients of variation were 8.2% and 17.6 %, respectively. Assay sensitivity was 25 ng/ml. Samples were assayed in duplicate. The dilution of antibodies was 1:300 for PGE 2 , 1:30 for PGF 2a and 1:80 000 for PGFM.
Immunohistochemistry
For immunostaining, serial tissue sections at 6 lm were mounted on slides (Menzel-Gläser), and paraffin was removed by heating slides to 568C and washing them in xylene. After samples were rehydrated in a graded series of ethanol (100%-70% [v/v]), antigenic sites in uterine tissues were unmasked in citrate buffer (10 mM sodium citrate, 0.05% Tween 20; pH 6.0) at 998C for 30 min. In addition, slides were treated with 3% (v/v) hydrogen peroxide for 30 min to remove endogenous peroxidase activity. Staining was accomplished by using primary monoclonal mouse anti-porcine CD45 antibodies diluted 1:50 (AbD Serotec) or polyclonal rabbit anti-human VWF antibodies diluted 1:500 (DakoCytomation) and an Elite Vectastain ABC kit (Vector Laboratories). Sections were incubated overnight at 48C with primary antibodies. Negative control staining was accomplished by replacing primary antibodies with 5% (v/ v) normal rabbit serum (Vector Laboratories) or with immunoglobulin G 1 (IgG 1 ) diluted 1:50 (DakoCytomation) and lightly counterstained with Mayer hematoxylin. A secondary antibody control was performed with 1.5% (v/v) normal horse serum (Vector Laboratories) or 5% (v/v) normal goat serum (Vector Laboratories). After specimens were mounted, slides were examined under a light microscope and photographed using a digital camera (Olympus Optical, Ltd.). The endothelial cell area (i.e., in VWF-positive cells) was assessed at 3200 magnification in five sections of each uterus and determined by measuring the VWF-positive stained area and calculated as a percentage of total area of 28.5 3 10 5 lm 2 for each endometrial zone (superficial, beneath the superficial epithelium; deep, proximal to myometrium). Cell D imaging software (Olympus Optical, Ltd.) was used for quantification.
Total RNA Extraction and Reverse Transcription
Endometrial tissues were homogenized in Lysing Matrix D (MP Biomedicals) with a FastPrep-24 instrument (MP Biomedicals). Total RNA was extracted from endometrial tissue with Total RNA Prep Plus kit (A&A Biotechnology). Concentration and quality of RNA were determined using Agilent 2100 Bioanalyzer (Agilent Technologies). RNA integrity number ranged from 8.3 to 9.6. RNA was reverse transcribed using DNase I (Invitrogen Life Technologies, Inc.) and High-Capacity cDNA reverse transcription kit with RNase inhibitor (Applied Biosystems). RT products were diluted in nuclease-free water (Promega) and stored at À208C until real-time PCR analysis. gene were designed using Primer express software version 3.0 software (Applied Biosystems, Foster City, CA). Primer sequences, product sizes (bp), and GenBank accession numbers are reported in Supplemental Table S1 (available online at www.biolreprod.org).
Real-time PCR was performed in duplicate with the 7300 sequence detection system (Applied Biosystems) using Power SYBR green PCR Master Mix (Applied Biosystems). Each real-time PCR reaction (25 ll) mixture contained 3 ll of diluted RT product, 200 nM each of forward and reverse primers, and 12.5 ll of Power SYBR Green PCR Master Mix. Serial dilutions of the appropriate cDNA were used as standard curves for gene quantification. The following general PCR conditions were used: initial denaturation for 10 min at 958C, followed by 37-40 cycles of 15 sec at 958C and 30 sec at 608C for PTGS2, VEGF120, VEGF164, ACTB, and GAPDH or 59.68C for PTGIS or 588C for VWF or 558C for mPTGES1 or 52.58C for CBR1 and PTGFS, and a final elongation for 60 sec at 728C. After each PCR reaction, melting curves were obtained by stepwise increases in the temperature from 608C-958C to ensure single-product amplification. To exclude the possibility of genomic DNA contamination in the RNA samples or cross-contamination between samples, reactions were also run either on blank-only buffer samples or in the absence of the reverse transcriptase. Furthermore, specificity of RT-PCR products was confirmed by gel electrophoresis and sequencing. Data obtained from the real-time PCR for all genes were normalized on the basis of ACTB mRNA content. Although expression of both housekeeping genes, GAPDH and ACTB, in endometria was constant during the course of the experiment, the latter gene was selected for gene expression normalizations because ACTB antibodies were used as a loading control in Western blot analysis.
Western Blot Analysis
Cytosol (for PTGFS and CBR1) or membrane (for PTGS2, mPTGES1, and PTGIS) fractions were dissolved in SDS gel-loading buffer (50 mM Tris-HCl; 4% SDS; 20% glycerol; and 2% b-mercaptoethanol), heated to 958C for 4 min and separated by SDS-PAGE (10% for PTGS2 and PTGIS, 12% for PTGFS and CBR1, 15% for mPTGES1). Separated proteins were electroblotted onto 0.2-lm nitrocellulose membranes in a transfer buffer (20 mM Tris-HCl buffer; pH 8.2; 150 mM glycine; 20% methanol; 0.05% SDS). Nonspecific binding sites were blocked with 5% non-fat dry milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBS-T) for 1.5 h at 25.68C. After blocking, the nitrocellulose membranes were incubated overnight at 48C with polyclonal rabbit antibodies against PTGS2 (1:230 dilution; Calbiochem), mPTGES1 (1:100 dilution; Cayman Chemical), PTGIS (1:170 dilution; Cayman Chemical), and PTGFS (AKR1C3, 1:50 dilution, MBL International Corp.), and with polyclonal goat antibodies against CBR1 (1:2000 dilution; Abcam). The next day, membranes were washed in TBS-T buffer and incubated with secondary antibodies: alkaline phosphatase-conjugated goat anti-rabbit IgG for PTGS2, mPTGES1, PTGFS and PTGIS (1:20 000 dilution), and rabbit antigoat IgG for CBR1 (1:2500 dilution; Abcam) for 1.5 h at 25.68C. Immune complexes were visualized using a standard alkaline phosphatase procedure. All membranes were reprobed with polyclonal rabbit anti-human ACTB antibody (Abcam; 1:3300 dilution) as described recently [33] . Imaging and quantitation were performed using the Gel Logic 100 imaging system and 1D version 4.0.3 software (Eastman Kodak). Results were normalized on the basis of ACTB protein expression.
Data Analysis
All numerical data are presented as means 6 SEM, and differences were considered statistically significant at the 95% confidence level (P , 0.05).
Normal distribution of data was tested by the Kolmogorov-Smirnov method, followed by a Dallal-Wilkinson-Lilliefor test to find significant differences. Statistical analyses were performed using two-way ANOVA with treatment and cycle/pregnancy day as main effects, followed by the Bonferroni post hoc test (Prism version 5.0 software; Graphpad Software, Inc.). Because of unequal variances of CH/CL numbers, PGFM and the PGE 2 :PGF 2a ratio (ULFs) data were log-transformed for statistical analysis.
RESULTS
Macroscopic Observations
To examine effects of SP on the female reproductive tract, gross measurements were performed of each experimental gilt (Supplemental Table S2 ). For all experiments, PBS-treated animals were chosen as controls, as the objective of this study was not to define the active component of SP nor to exclude a nonspecific effects of plasma proteins on endometrial parameters. Neither the treatment type nor day affected the number of CH/CL and volume of ULFs. However, uterine and ovarian weights were affected by day (P , 0.0001) but not by treatment type. Both weights increased gradually during the course of the experiment, and the highest weights were present on Day 10 (compared to those on Day 1; P , 0.001) in SP-and PBS-treated animals.
Prostaglandin Content in ULFs and Uterine Tissue
Total content (ng) of PGE 2 , PGF 2a , and PGFM in the ULFs was determined (Fig. 1, A-C) . Neither the treatment type nor day affected PGE 2 and PGFM levels (Fig. 1, A and C) . PGF 2a content was affected by day (P ¼ 0.039) but not by treatment type (Fig. 1B) . Animals assigned to the experimental groups displayed almost constant PGE 2 , PGF 2a , and PGFM concentrations in ULFs after SP or PBS infusions. However, levels of PGE 2 were 2.5-fold lower on Day 1 in SP-treated animals than in PBS-treated animals (4.5 6 0.7 vs. 11.4 6 3.4 ng, respectively). SP-treated animals displayed PGE 2 :PGF 2a ratio values that were significantly different from those of the PBSinfused counterparts (Fig. 1D) . A day 3 treatment interaction was detected for PGE 2 :PGF 2a ratio in ULFs (P ¼ 0.046). The lowest PGE 2 :PGF 2a ratio was observed on Day 1 in SP-infused animals compared to that on Day 3 (P , 0.05). Moreover, on Day 1, the PGE 2 :PGF 2a ratio was significantly lower (2.8-fold) in SP-treated animals than in controls (P , 0.05). Neither the treatment type nor day affected the PGFM:PGF 2a ratio in ULFs, and it was maintained at almost constant levels after SP or PBS infusions (data not shown).
PGE 2 , PGF 2a , and PGFM concentrations (ng/mg) in endometrial tissue were determined (Fig. 1, E-G) . PGE 2 levels were not affected by day; however, treatment type had a significant effect (P ¼ 0.042) (Fig. 1E) . PGE 2 content decreased gradually, the lowest levels being observed on Day 10 compared to those on Day 1, but only in PBS-infused pigs (P , 0.05). Moreover, on Day 10, PGE 2 levels were significantly higher (2.4-fold) in the SP-treated animals than in controls (P , 0.05). PGF 2a content was affected by day (P ¼ 0.007) but not by treatment type (Fig. 1F) . A day 3 treatment interaction was observed (P ¼ 0.049). Control animals displayed constant levels of PGF 2a throughout the course of the experiment; however, in the SP-infused animals, the highest content of PGF 2a was detected on Day 1 compared to that on Day 10 (P , 0.001). Levels of PGF 2a were 1.5-fold increased on Day 1 after SP treatment compared to that in controls (P , 0.05). Neither the treatment type nor day affected PGFM levels ( Fig. 1G) . Animals assigned to the experimental groups displayed almost constant PGFM concentrations in the endometrial tissues after SP or PBS infusions. In SP-treated animals, PGE 2 :PGF 2a ratio values were significantly different from those in the PBS-infused counterparts (Fig. 1H) . A day 3 treatment interaction was indicated (P ¼ 0.033). The PGE 2 :PGF 2a ratio was 2.3-fold higher in SP-treated animals than in controls on Day 10 (P , 0.05). Neither the treatment type nor day affected the PGFM:PGF 2a ratio in endometrial tissue, and it was maintained at constant levels after SP or PBS infusions (data not shown).
Leukocyte Localization
CD45-positive cells, representing the whole population of porcine leukocytes, were widely distributed in the subepithelial layer of the endometrium 24 h after PBS or SP infusions (Fig.  2) . The presence of CD45 immunoreactive cells in the endometrium decreased gradually until Day 10 after treatment SEMINAL PLASMA EFFECTS IN THE PORCINE UTERUS (data not shown). The level of infiltration of the endometrium by leukocytes seemed to be always higher in the SP-treated animals than in PBS-treated animals, and this tendency was most visible on Day 1 (Fig. 2, A and B) . Tissue sections incubated with normal horse serum or IgG 1 (Fig. 2C) were consistently free from staining.
Prostaglandin Synthesis Enzymes' mRNA Expression
Gene expression of PG synthesis enzymes in the endometrium over time appeared not quite consistent after SP or PBS treatment (Fig. 3) . Endometrial PTGS2 mRNA expression was affected by day (P ¼ 0.0002) but not by treatment type (Fig.  3A) . However, a day 3 treatment interaction was observed (P ¼ 0.047). On Day 10, PTGS2 transcript levels were significantly higher than Day 3 levels in PBS-and SP-treated animals (P , 0.001 and P , 0.05, respectively). Levels of PTGS2 mRNA were 1.9-fold increased on Day 1 and 2.1-fold decreased on Day 5 after SP treatment compared to those in controls (P ¼ 0.05). Endometrial gene expression levels of mPTGES1 and PTGIS were affected by day (P , 0.0001 and P , 0.006, respectively) but not by treatment type (Fig. 3, B and C) . mPTGES1 and PTGIS mRNA content levels in the endometrium increased gradually over time, and the highest expression was observed on Day 10 versus that on Day 1 (P , 0.001 and P , 0.05 for SP-treated animals, respectively). PTGFS gene expression was affected by day (P , 0.0001) but not by treatment type (Fig. 3D) . The mRNA levels of PTGFS increased gradually over the time points of treatment and reached the highest levels on Day 10 compared to those on all previous days (P , 0.001). The PTGFS gene expression levels were 2.2-fold lower on Day 5 in SP-treated animals, but significant difference was reached on Day 10 in comparison to those in PBS-infused pigs (P , 0.05). The gene expression of CBR1 was affected by day (P ¼ 0.0008) but not by treatment type (Fig. 3E) . The CBR1 mRNA content did not differ after KACZMAREK ET AL. treatment in the control group; however, SP-treated animals exhibited decreased expression of this enzyme in the endometrium on Days 1, 3, and 10 compared to that on Day 5 (P , 0.01, P , 0.05, and P , 0.001, respectively). Moreover, on Day 5, CBR1 mRNA levels were significantly increased in SP-treated animals compared to those in controls (P , 0.05).
Protein Expression of Prostaglandin Synthesis Enzymes
Single bands at 72, 37, 16-17, 30, and 56-57 kDa, specific to the respective PTGS2, PTGFS, mPTGES1, CBR1 and PTGIS antisera, were detected in endometrial tissues across all days after SP or PBS infusion (Fig. 4F) . Western blot analysis revealed significant differences in protein expression of the endometrial PG synthesis enzymes after SP or PBS treatment. Endometrial PTGS2 protein expression was affected by day (P ¼ 0.001) but not by treatment type. Moreover, a day 3 treatment interaction (P ¼ 0.048) was detected (Fig. 4A) . The profile of PTGS2 protein expression was similar to the mRNA expression profile of this gene. Levels of PTGS2 protein were 2.0-fold increased on Day 1 and 1.7-fold decreased on Day 5 after SP treatment compared to those in controls (P , 0.05 and P ¼ 0.05, respectively). The day had an effect on the protein abundance of PTGIS and PTGFS (P ¼ 0.0004 and P ¼ 0.0099, respectively) (Fig. 4, C and D) . Animals assigned to the experimental groups displayed the lowest levels of PTGIS protein on Day 1 versus those on Days 3 and 5 (P , 0.01). On Day 10, endometrial PTGFS protein was expressed at a lower level in SP-treated animals than in the control counterparts (0.73 6 0.06 vs. 1.11 6 0.08, respectively, P ¼ 0.05). Neither day nor treatment type affected the protein contents of mPTGES1 and CBR1 in the endometrium. Expression of mPTGES1 and CBR1 proteins was maintained at almost constant levels (Fig. 4, B 
and E).
Angiogenesis in the Endometrium
Endometrial VWF mRNA expression was affected by day (P ¼ 0.014) but not by treatment type (Fig. 5A) . VWF transcript levels did not differ after treatment in the control group; however, SP-treated animals exhibited increased expression of this factor in the endometrium on Day 1 versus on Day 3 (P , 0.05). Expression of the VEGF164 gene was affected by treatment type (P , 0.015) but not by day (Fig. 5B) . The highest VEGF164 mRNA content was observed exclusively in SP-treated animals on Day 3 versus on Day 5 (P , 0.05). Levels of VEGF164 mRNA were 1.4-fold increased on Day 1 compared to that in controls, while a significant difference was also observed on Day 3 (1.6-fold, P , 0.05). Expression of VEGF120 mRNA was affected by day (P , 0.0001) but not by treatment type (P ¼ 0.076) (Fig. 5C ). The mRNA levels of VEGF120 decreased gradually over time points of treatment and reached their lowest levels on Day 10 compared to Day 1 (P , 0.05 for PBS-treated animals and P , 0.001 for SPtreated animals). However, elevated expression of the VEGF120 gene was maintained until Day 3 only in SP-infused animals (vs. Days 5, and 10, P , 0.05).
To visualize and quantify changes in vasculature of the superficial and deep endometria after SP treatment, VWFstained sections were examined. Control tissue sections incubated with normal goat serum or normal rabbit serum were consistently free from staining (Fig. 5F ). The area of VWF staining was measured using image analysis and expressed as the endothelial cell area. The numerical results are presented in Figure 5 , D and E. Neither day nor treatment type affected levels of vascularization in the superficial endometrium (day 3 treatment interaction, P ¼ 0.056). However, the endothelial cell area in the deep endometrium was affected by day (P ¼ 0.046) but not by treatment type. In control animals, both endometrial zones displayed significantly decreased levels of vascularization on Day 10 versus Day 3 (P , 0.01). In contrast, in SP-exposed animals, the endothelial cell area was maintained at a high level on Day 10 and differed significantly from that in the PBS-infused counterparts (P , 0.05).
DISCUSSION
This is the first in vivo study simultaneously demonstrating that in the pig, seminal constituents initiate a cascade of events 
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impacting uterine synthesis and content of PGs as well as angiogenesis. The experiments described in this study showed that SP can temporarily alter the PGE 2 :PGF 2a ratio in the uterine lumen and PGF 2a content in endometrial tissue. This change may be a consequence of altered PG synthesis in the endometrium, because both mRNA and protein of PTGS2, a rate-limiting enzyme for the synthesis of PG, were elevated in the endometrium 1 day after uterine exposure to SP. Interestingly, on the following days, the PGE 2 content and the PGE 2 :PGF 2a ratio in endometrial tissue were increased in SP-treated animals. Concomitantly, PTGS2 and PTGFS mRNA and protein expression were down-regulated. These results strongly support the hypothesis that in the pig, SP effects may persist longer, for at least 10 days after exposure, and can influence local PG synthesis in the endometrium at the time of preparation for embryo implantation. Moreover, the observations reported in the present study indicate that responses of the reproductive tract to SP can also be manifested by altered endometrial vascularity.
Optimum fertilization rate depends on several factors including the interval between insemination and ovulation, the quality of the sperm cells, and the site of deposition of semen. In pigs, cervix is the site of semen deposition during natural mating and conventional AI. However, in other mammalian species, semen can be deposited into the vagina or directly into the uterine cavity, suggesting various direct/ indirect effects on the uterine environment. Nonetheless, in the pig, as in other mammals, introduction of semen into the female reproductive tract triggers a cascade of cellular and molecular events that in many respects resemble a classic inflammatory response. Within hours after mating, neutrophils are recruited into the uterine lumen [34] [35] [36] . In endometrial stroma, however, an accumulation of macrophages and dendritic cells, granulocytes, and lymphocytes occurs [37] [38] [39] . Although the luminal neutrophil response is short-lived and disappears 24 hr after mating [36] , inflammatory cells, consisting predominantly of macrophages, infiltrating the endometrial stroma can persist and undergo differentiation in FIG. 3 . Effect of SP on PTGS2 (A), mPTGES1 (B), PTGIS (C), PTGFS (D), and CBR1 (E) mRNA expression in the endometria of uteri retrieved from gilts on Days 1, 3, 5, and 10 after SP or PBS intrauterine infusion. Results of quantification by real-time PCR are expressed as means 6 SEM of ratios relative to that of ACTB (n ¼ 5-8 for each group per treatment). Means with different superscripts indicate significant differences (capital letters, SP; lowercase letters, PBS). *P , 0.05 indicates differences between treatments within the same day.
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the tissue for several days after SP exposure [7] . Therefore, we decided to perform a control experiment to assess the endometrial leukocyte population until Day 10 after SP treatment. Although our immunohistochemical analyses were not quantitative, the level of infiltration of endometrium by the leukocytes seemed to be always more prominent in gilts exposed to SP, which is in agreement with previous observations. O'Leary et al. [7] showed that effects of SP infusion on uterine leukocyte abundance were still evident in the superficial endometrium 9 days later, suggesting an impact of the postmating inflammatory response on, for example, embryo development, maternal recognition of pregnancy, and implantation and thus pregnancy success.
PGs play a key role in the generation of the inflammatory response, and their biosynthesis is significantly increased in inflamed tissue. According to a well-known paradigm, PTGS1 is expressed constitutively in most cells, whereas PTGS2 can be induced by inflammatory stimuli, hormones, and growth factors and is, thus, the more important source of prostanoid formation in inflammation [40] . To test whether the inflammatory response in the uterine environment after SP exposure is accompanied by altered PG synthesis and secretion, the content of PGE 2 , PGF 2a , and PGFM was measured in ULFs and in endometrial tissue, in addition to assessing gene expression of PG synthesis pathway elements. Interestingly, shortly after SP exposure, a decreased PGE 2 :PGF 2a ratio in the uterine lumen and an increased PGF 2a content in endometrial tissue were found, concomitant with increased expression of the rate-limiting enzyme for PG synthesis. The current finding that PTGS2 expression increased 24 hr after SP exposure and reached their lowest levels 4 days later is in agreement with those in a previous report [7] .
To date, the role of the inflammatory cascade initiated after mating or exposure to components of SP is not clear. Immune cells invading the uterine lumen and tissue play a classical antiinflammatory role in clearing the uterus of redundant or damaged spermatozoa and microorganisms introduced at mating. However, ''resident'' monocytes not only participate in the process of patrolling blood vessels and tissues [41] but they also can affect the local milieu by secreting an array of potent enzymes and signaling molecules that facilitate tissue remodeling and sufficient preparation of the uterine environment for implantation and placentation [22] . Interestingly, recent global transcriptome analysis of macrophages in the bovine interplacental endometrium has revealed several differentially expressed genes that play a paramount role in immune regulation, tissue remodeling, angiogenesis, and apoptosis [42] . Activated macrophages have the unique capacity to influence the angiogenic process, that is, by extracellular matrix remodeling or induction of endothelial cell chemotaxis and proliferation [43] . Macrophages produce a variety of angiogenic factors including VEGF [44] , a factor that plays a pivotal role in the promotion of new blood vessel formation under physiological and pathological conditions [45] . The experiments described in the present study indicated increased expression of VEGF that coincided with increased macrophage infiltration of the superficial endometrium and endometrial stroma [7] . Thus, it seems likely that these immune cells could be paracrine regulators of endothelial cell function during endometrial angiogenesis, leading to increased density of the vascular network exhibited 10 days after SP infusion. Consistent with a proangiogenic role of semen-induced inflammatory changes are observations that VEGF mRNA expression in the hamster endometrium was reduced after mating in accessory gland-deficient males. The authors concluded that incompetent embryos sired by males without the ventral prostate gland or all accessory sex glands reduced the potential of the uterus to support pregnancy [46] . Whether induction of VEGF expression in the porcine endometrium after SP treatment is of macrophage origin must be further examined as whole endometrial tissue homogenates were analyzed in the present study.
Among various physiological and pathophysiological functions, PGE 2 is known to increase VEGF production via a cAMP-dependent mechanism [47, 48] . Studies in mPGES-1-KO mice showed that mPGES-1 (synonymous with mPTGES1) deficiency is associated with reduced induction of VEGF in granulation tissue, indicating that mPGES-1-derived PGE 2 , in cooperation with VEGF, may play a critical role in the development of inflammatory granulation and angiogenesis [49] . Although in our studies mPTGES1 was maintained at almost constant levels throughout the course of the experiment, an increased PGE 2 tissue concentration was indicated on Day 10. A possible explanation for this observation may be the increased availability of PGH 2 , a common substrate for a series of specific isomerase and synthase enzymes that produce PGE 2 , PGI 2 , PGD 2 , PGF 2a , and thromboxane A 2 as a consequence of simultaneously alleviated PTGFS expression and high, maintained levels of PTGS2 and mPTGES1 in endometrial tissues. Although our recent studies showed PGE 2 -dependent stimulation of VEGF in the endometrium [21] , it seems unlikely that in the current study similar regulation took place, because different temporal occurrences of increased VEGF mRNA and PGE 2 concentrations were observed after SP treatment. Finetti et al. [50] indicated a lack of VEGF involvement in the proangiogenic action of PGE 2 in cultured endothelial cells; however, autocrine/paracrine control of vascular proliferation through the endogenous signal transduction pathway FGF-2/FGFR-1 was observed. Interestingly, PGE 2 was shown to directly induce endothelial cell proliferation, migration, and tube formation [51, 52] .
PGs are key mediators of several female reproductive functions including ovulation, fertilization, implantation, and parturition. Their role in reproduction has been illustrated in numerous papers; however, irrefutable evidence of their importance was provided by experiments in transgenic animals lacking enzymes for the PG synthesis pathway [12, 14, 53] . In the pig, PGs have a paramount role in maternal recognition of pregnancy, particularly in view of our studies of the role of PG synthesis pathway enzymes in tilting the PGE 2 :PGF 2a ratio in favor of luteoprotective/antiluteolytic PGE 2 [54] . In addition, other studies indicate a change in direction of PGF 2a secretion by the uterine endometrium to exocrine [55] and transfer of PGs by a counter-current mechanism from uterine venous to arterial vessels [56, 57] . Therefore, the finding that the effects of uterine exposure to SP on PG synthesis and secretion persist over the course of the prereceptive period was of considerable interest. As shown in the present study, expression of PTGS2 and PTGFS was altered in the endometrium on Days 5 and/or 10 and was accompanied by an increased PGE 2 level on Day 10, this being crucial for modulation of the PGE 2 :PGF 2a ratio. Thus, it seems likely that SP can sensitize the endometrium for forthcoming pregnancy by amplifying uterine synthesis of crucial antiluteolytic/luteoprotective PGE 2 and supporting key events occurring during early pregnancy, such as embryo development and maternal recognition of pregnancy. Whether the increased number of viable embryos and improved embryo growth observed 9 days after SP exposure [7] might be linked with increased PGE 2 levels and the PGE 2 :PGF 2a ratio in endometrium needs further investigation. However, recent studies have indicated that PGE 2 is potentially involved in blastocyst expansion and embryo developmental competence in cattle [58] .
Although the specific mechanisms involved in SP influence on the uterine environment are unknown, O'Leary et al. [59] postulated that local communication occurs between the uterus and the ovary, most likely involving soluble inflammatory mediators elicited by semen in endometrial tissues. Subsequent studies showed enhancement of ovarian function and progesterone synthesis after an SP-initiated inflammatory response within the endometrium and corpus luteum [7, 8] . Interestingly, among several inflammatory molecules, PGs are known both to be disseminated by the uterine-ovarian counter-current mechanism [56, 57] and to be associated with infiltration of leukocytes and increased vascularity in the ovary [60] . Ford and Christenson [61] showed that unlike the administration of estradiol directly into the CL, PGE 2 administration protects individual CL against the luteolytic effect of simultaneously administrated PGF 2a . Moreover, elevated progesterone content in blood plasma or luteal tissue was observed after uterine infusions of PGE 2 [62] or when increased secretion of PGE 2 was observed in the gravid uterus [17] . Our recent results have indicated that PGE 2 is effective in stimulating VEGF secretion by luteal cells and suggest that this prostanoid may partially mediate vasculature maintenance in corpus luteum to support progesterone production [32] . It is known that the majority of seminal fluid disappears 2 hr after mating in the pig [63] , by reflux through the vulva and/or resorption in the uterus. Thus, it is intriguing to speculate that down-regulation of the PGE 2 :PGF 2a ratio in the uterine lumen shortly after SP treatment is caused by postinflammatory resorption of PGE 2 from the uterine lumen into lymphatic and/or venous vessels of the mesometrium to aid ovarian function. A possible role for PGE 2 in the communication between the uterus and the ovary is consistent with the finding that the lymphatic pathway is fundamental in the local transfer of PGE 2 from the uterus to the ovary and oviduct during early pregnancy in the pig [64] and in counter-current transmission of SP ''programming information'' from the uterine lymphatics into ovarian arterial blood [65] .
SEMINAL PLASMA EFFECTS IN THE PORCINE UTERUS
In summary, the results of the present study have indicated that SP can affect PG content in the uterine lumen and endometrial tissue consequent to altered expression of PG synthesis enzymes. Both short-and long-lived effects on PG synthesis and secretion were observed after SP intrauterine exposure that can both affect the uterine environment in the pig. Additionally, SP induced vascular bed development in endometrial tissue, apparent shortly before the time corresponding to maternal recognition of pregnancy in the pig. Our results emphasize the importance of SP in invoking long-lived effects in the porcine endometrium that could influence early embryo-maternal interactions in the pig. Nevertheless, additional studies are required to investigate whether SP-driven PG synthesis and angiogenesis in the porcine uterus are involved in successful embryo development and implantation during early pregnancy.
